ABSTRACT The very high-frequency content (150 to 250 Hz) of epicardial electrogram waveforms was studied in 19 anesthetized dogs subjected to occlusion of left anterior descending coronary artery. Computer techniques of digital averaging and digital band-pass filtering were applied. Signals were obtained from epicardial electrodes placed in the ischemic left ventricular region and on the noninjured right ventricular surface, and from the body surface electrocardiogram. All recordings were made simultaneously before, during, and after coronary occlusion and subjected to the same analysis. The waveforms obtained from the ischemic left ventricular region showed a considerable decrease in highfrequency content, while those obtained from the noninjured right ventricular surface remained unchanged. The results correlated with the appearance of a zone of reduced amplitude in the body surface high-frequency QRS complex. Therefore, this macroscopic phenomenon measured noninvasively from the body surface is explained by local reduction of high-frequency activity in the ischemic region of the myocardium. Circulation 76, No. 1, 237-243, 1987. THE VERY HIGH-FREQUENCY electrical activity (150 to 250 Hz) present in the electrocardiographic (ECG) signal is usually buried in random noise and in predominating lower frequencies. High gain amplification, signal averaging, and high-pass filtering are required to improve the signal-to-noise ratio of the high-frequency ECG output signal.
THE VERY HIGH-FREQUENCY electrical activity (150 to 250 Hz) present in the electrocardiographic (ECG) signal is usually buried in random noise and in predominating lower frequencies. High gain amplification, signal averaging, and high-pass filtering are required to improve the signal-to-noise ratio of the high-frequency ECG output signal.
A recent study1 showed that the morphology of the high-frequency QRS complex might be used for noninvasive detection of coronary artery disease as assessed by angiography. In patients with symptomatic chest pain and a normal conventional electrocardiogram, the high-frequency electrocardiogram is characterized by a zone of reduced amplitude within the QRS complex, so that the coronary occlusion seems to result in local loss of high frequencies in the high-frequency QRS complex.1 Another preliminary study showed that occlusion of a coronary artery in dogs directly affected the high-frequency QRS complex, causing a similar zone of reduced amplitude.
This study describes a novel method for the determination of the cause of these findings based on direct measurement of local electric potentials. The highfrequency waveforms were obtained directly from the ischemic left ventricular surface by epicardial leads and compared with the high-frequency waveform obtained from the nonischemic right ventricular surface. The high-frequency content of the body surface electrocardiogram was studied simultaneously to verify the evolution of a zone of reduced amplitude. This was done to determine whether the variations in high-frequency components of the electric potential derived directly from ischemic regions correlated with the appearance of the reduced amplitude zone in externallead high-frequency wave. In other words, can the behavior of the local potential explain the local loss of high frequencies in the body surface electrocardiogram?
Methods
Experimental techniques. Experiments were conducted on 19 adult mongrel dogs (weight, 15 to 27 kg). After a 24 hr fast, the animals were anesthetized with intravenously injected pentobar-bital sodium (30 mg/kg body weight), intubated, and respirated with a Bird apparatus at a constant rate adjusted to body weight. Small The aforementioned analysis was carried out on data obtained from each lead during the four phases of the experiment: (1) the baseline recording, (2) the first 5 min of occlusion, (3) the second 5 min of occlusion, and (4) the reperfusion period.
The high-frequency epicardial electrogram waveforms were plotted and their behavior was examined through the peak-topeak amplitude variations and through the changes in rootmean-square (RMS) value of the waveforms, computed according to the following expression:
where N is the number of samples, a function g is the aforementioned waveform, and At is a sampling interval. To facilitate comparison of data and statistical analysis of the results, the peak-to-peak amplitude of the high-frequency epicardial signal for each of stages 1, 2, 3, and 4 was normalized to the amplitude of the signal obtained from the baseline recording (stage 1) of the corresponding lead. Each of the ratios calculated in this manner gives a quantitative expression for the variation of the high-frequency activity level through the experimental phases. Thus, a value close to 1.00 indicates that no significant variation took place relative to the baseline, while a very small (or large) value indicates a marked decrease (or increase) compared with the baseline. The RMS values of the high-frequency QRS complexes were normalized in a similar manner. Statistical analysis was performed by analysis of variance,4 and results were considered significant when p < .05.
The body surface lead high-frequency ECG signals were first examined visually to determine whether the occlusion of the coronary artery produced a zone of reduced amplitude in the high-frequency QRS complex. An objective method, developed for the same purpose, consisted of computer analysis of the discrete high-frequency signals. The analysis was based on the detection of local minima (and separately local maxima) of the high-frequency QRS complex to find the lower and upper limits of the envelope of this complex. The point of local maximum (or minimum) was defined as the point where the signal was higher (or lower) than at least six adjacent points, including three points before the extremum and three after it. A thirdorder natural Spline interpolation5 was used to provide a smooth curve passing through the local minima and, separately, the local maxima, thereby providing an adequate envelope of the high-frequency QRS complex.
Results
The body surface lead showed limited variation of the conventional ECG waveform ( figure 1, a and c) , while the high-frequency signal showed a clear zone of reduced amplitude in the trace corresponding to LAD ligation ( figure 1, b and d) . Figure 2, Table 1 shows the marked reduction in the peak-to-peak amplitude of the high-frequency epicardial signal obtained from the ischemic left ventricle as compared with the amplitude of the unaltered right ventricular high-frequency electrogram. These changes were statistically highly significant (p < .001 after 5 min of occlusion). Statistical analysis of average values of the normalized RMS of both epicardial high-frequency waveforms yielded similar results (the difference being significant at a level of p < .001).
The reduction in the peak-to-peak amplitude of the high-frequency epicardial waveform obtained from the ischemic left ventricle was accompanied by a marked widening of the nonfiltered epicardial QRS complex (see figure 3, c vs a) . During the reperfusion phase, the QRS duration was significantly shortened, but on the average it did not return to baseline. The QRS widening effect was observed only on the left ventricular electrogram, while the right ventricular QRS complex did not exhibit such variations. (4) 52 (1) p<.O05
AStages are as described in table 1. during the different stages of the experiment. The slowing of the conduction in the ischemic left ventricle was found to be significant to a level of .001 after 5 min of occlusion.
In the two animals undergoing ligation of the RCA there was a marked reduction in high-frequency activity (a reduction of 73% in one case and 94% in the other), and corresponding QRS widening on the right ventricular electrogram (to a factor of 2.1 in one and 1.7 in the other), and no effect on the high-frequency signal from the left ventricle. The body surface highfrequency signal displayed only a zone of slightly reduced amplitude.
Discussion
Selection of the frequency band. The high-frequency components of the electrocardiogram have been studied previously by the high-frequency notching of QRS complexes.6'-0 The fine notches and slurs on the upstroke and downstroke of the QRS complexes were discovered by means of ECG equipment that possessed a frequency response higher than that of conventional systems. Early clinical investigations showed that the information contained in these notches and slurs was a valuable indication of different pathologic states of the heart, including transmural infarction," cardiomyopathies,'2 and ventricular hypertrophy."3 14 Van der Ark and Reynolds6 tested the hypothesis that the notching was produced by activation across rather than along myocardial fibers; without filtering they estimated the frequency range of the notches to be 80 to 300 Hz. Filtering techniques were usually not applied in studies of the high-frequency contents of the QRS complex. Thus, the concept of high-fidelity electrocardiography seems to be more appropriate in the context of notching studies than does the concept of high-frequency electrocardiography.
Goldberger et al. 8 9 used filtering in the frequency range estimated by Van effect of myocardial infarction on the high-frequency QRS potentials in this frequency range was examined with the use of the RMS potential value as a quantitative criterion. One of the most significant findings of this work was the diminished peak-to-peak amplitude of high-frequency potentials in individuals with myocardial infarction as compared with that in normal healthy subjects. In addition, the increased number of notches in patients with myocardial disease, as discovered by Reynolds et al.',2 was reconfirmed.
These apparently paradoxical results might reflect on the inadequacy of the frequency range mentioned above for the determination of QRS notching. Spectral analysis of ECG waveforms carried out by us suggests a slightly different estimate of the notching frequency band. This different definition allows for separate treatment of the very high-frequency components (150 to 250 Hz) beyond the visible notches and slurs (up to 150 Hz).
The choice of the high-frequency band in this study is based on the power distribution of the ECG signal in the different frequency bands. A power spectrum of a body surface averaged ECG complex from a representative dog is shown in figure 4 , a. Lower frequencies (up to approximately 100 Hz) predominate in the spectrum. In general, this upper limit of the frequency band containing most of the power of the ECG waveform in dogs was found to fall within the range of 80 to 130 Hz. The power at frequencies beyond this limit seems negligible, since the spectrum is characterized by a very abrupt decrease to extremely low values. Nevertheless, digital high-pass filtering with a different lower limit reveals the existence of smaller (several orders of magnitude) spectral components in the very highfrequency region. These components, undetectable in the spectrum in figure 4 , a, may be seen in the spectrum of the same waveform following digital high-pass filtering above 100 Hz ( figure 4, b) , together with the residual frequencies of the lower peak. Finally, they do not appear negligible at all after the high-pass limit of the filter is raised to 150 Hz, as seen in figure 4, c: a whole spectrum of very high-frequency information is revealed in the ECG complex.
The spectra in figure 4 suggest that in a filtered waveform that contains (even partly) frequencies belonging to the lower frequency peaks any phenomenon generated by the very high frequencies would be unde- markedly reducing its amplitude, as reflected by direct measurement of local electric potential. This reduction seems capable of producing a zone of reduced amplitude in the high-frequency wave obtained from the body surface ECG signal. Such a change in the highfrequency waveform can be ascribed to the macroscopic vector summation over different regions of the myocardium that produces the body surface signal.
Additional work is required to determine the sensitivity and the specificity of the high-frequency ECG analysis as a probe for coronary artery disease in humans. It should be emphasized that physiologic conditions or localized processes other than ischemia that are capable of generating spatial inhomogeneity in the electrical properties of the myocardial cells are likely to produce variations in the body surface high-frequency QRS complex similar to those caused by ischemia in our experiments. However, this experimental work has demonstrated a very good correlation between the local reduction in the level of high-frequency activity in ischemic regions of myocardium and the abovedescribed variations in the morphology of a body surface high-frequency ECG signal. This correlation not only stresses the connection between the two findings, but also provides a possible explanation for the macroscopic phenomenon that can be measured noninvasively from the body surface.
